We present the results of nine years of the blazar observing programme at the RATAN-600 radio telescope (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014). The data were obtained at six frequency bands (1. 1, 2.3, 4.8, 7.7, 11.2, 21.7 GHz) for 290 blazars, mostly BL Lacs. In addition, we used data at 37 GHz obtained quasi-simultaneously with the Metsahovi radio observatory for some sources. The sample includes blazars of three types: high-synchrotron peaked (HSP), low-synchrotron peaked (LSP), and intermediatesynchrotron peaked (ISP). We present several epochs of flux density measurements, simultaneous radio spectra, spectral indices and properties of their variability. The analysis of the radio properties of different classes of blazars showed that LSP and HSP BL Lac blazars are quite different objects on average. LSPs have higher flux densities, flatter spectra and their variability increases as higher frequencies are considered. On the other hand, HSPs are very faint in radio domain, tend to have steep low frequency spectra, and they are less variable than LSPs at all frequencies. Another result is spectral flattening above 7.7 GHz detected in HSPs, while an average LSP spectrum typically remains flat at both the low and high frequency ranges we considered.
Introduction
Active galactic nuclei (AGN) are unique objects in the Universe, because they are compact and extremely luminous. Their main observational properties can be explained by the presence of the super massive black hole at the centre of the galaxies, surrounded by an accretion disk and by fast-moving clouds. They come in different flavors all of which can be explained in terms of the so-called "unified scheme" (Urry & Padovani 1995) , where the major difference between each of them is their orientation relative to the line of sight of the observer.
Blazars are the radio-loud subclass of AGN, characterized by strong non-thermal radiation across the entire electromagnetic spectrum (Kollgaard 1994; Perlman et al. 1998; Strittmatter et al. 1972) . Strong variability at different timescales and wavebands is believed to be a result of relativistic motion of non-thermal plasma along the jet, oriented at small angles to the observers line of sight (Blandford & Rees 1978; Urry & Padovani 1995) . The average value of viewing angle of blazars is about 5
• according to the estimations made by Lister et al. 2013 . The spectral energy distribution (SED) of blazars features two ⋆ sjv@sao.ru broad components: the low-energy part (with the peak in the radio/infrared band) is believed to be formed by synchrotron emission and high-energy hump (with the peak in the gamma-rays) is usually explained in terms of inverse Compton radiation (e.g., Sambruna et al. 1996; Sikora et al. 1994) or hadronic processes (e.g., Mücke & Protheroe 2001; Petropoulou et al. 2015) .
Blazars are commonly distinguished as low-synchrotron peaked (LSP), intermediate-synchrotron peaked (ISP), and high-synchrotron peaked (HSP), depending on the peak frequency of the synchrotron component (ν S peak ) of their SED. In this paper we adopt a blazar classification from the Fermi-LAT 3LAC catalogue (Ackermann et al. 2015) , which uses the common convention by Abdo et al. 2010 to classify a blazar as an LSP for ν S peak < 10 14 Hz, ISP for 10 14 Hz < ν S peak < 10 15 Hz, and HSP for ν S peak > 10 15 Hz.
Blazars are historically divided in two main classes according to the presence or absence of the lines in their optical spectra: BL Lacertae type objects (BL Lacs) have no lines or very weak ones (with the rest frame equivalent width EW<5 Å), while flat-spectrum radio quasars (FSRQs) exhibit normal quasar-like spectra with strong broad emission lines (Stickel et al. 1991; Urry & Padovani 1995) .
Currently one of the most extensive list of blazars is presented in the Roma-BZCAT catalogue by Massaro et al. (2009) . This catalogue is based on multi-frequency surveys and detailed checkout of the literature. The total number of blazars currently listed in the Roma-BZCAT (Edition 5.0) is more than 3500. But only a relatively small number of objects have been intensively observed at many frequencies simultaneously. The spectral coverage of many of them is poor, both in time and in frequency. Few observatories have long term monitoring programmes for blazars at radio wavelengths, Metsähovi Radio Observatory (Teräsranta et al. 2004) , University of Michigan Radio Observatory (UMRAO) (Aller et al. 1999) , Owens Valley Radio Observatory (OVRO) (Richards et al. 2011 ) and INAF-Istituto di Radioastronomia in Medicina and Noto (Bach et al. 2007 ) are among them.
The RATAN-600 radio telescope has been monitoring AGN on regular basis for more than 10 years. In this paper we present observational results for 290 blazars obtained at six frequencies from 1.1 to 21.7 GHz with this telescope. The main objective of our research is to obtain multi-frequency information about radio properties of the blazar subgroups by using a single instrument and simultaneous measurements to exclude possible systematic errors as well as variability. This unique data that we collected allowed us to study the spectral properties for relatively large sample of blazars.
Sample
The sample consists of blazars -BL Lacs, BL Lac candidates, and blazars of an uncertain type -with flux density more than 400 mJy (added to the sample in 2012) and more than 100 mJy (added in 2014) at 1.4 GHz, selected from the Roma-BZCAT catalogue 1 (Massaro et al. 2009 ) maintained by the ASI Science Data Center. The first observations with the RATAN-600 started in early 2005 while the last sources were added to the programme in early 2014. The sample is heterogeneous and contains sources both faint and extremely bright in the radio domain. The median value of the flux density at 1.4 GHz is 0.3 Jy; the minimum value is 0.002 Jy at this frequency (MS 0122.1+0903); the maximum is 22.83 Jy (3C84). The inclusion of some FSRQs in this sample can be explained by ambiguity of blazar classification, as pointed out by Marcha et al. (1996) and Antón & Browne (2005) , and some BL Lacs have been classified as FSRQ or vice versa (Shaw et al. 2012) . Originally (in 2005) we observed some FSRQs as the BL Lac sources or BL Lac candidates. But in the blazars classification in the BZCATs later edition they were classified as FSRQs and we have included them as such in order to stick to an uniform classification. Since there are both blazars of uncertain type (27) and BL Lac candidates (12) in the sample, it will not affect the analysis of the three subclasses of blazars HSP, ISP 1 http://www.asdc.asi.it/bzcat/ and LSP. Thus, the sample mainly consists of BL Lacs, BL Lac candidates, blazars of unknown type, and additionally 14 FSRQs.
All objects of the sample were classified as lowsynchrotron peak (LSP), intermediate-synchrotron peak (ISP), and high-synchrotron peak (HSP) blazars: 197 of them were detected by Fermi-LAT and classified according to the 3LAC. For another 93 objects we have used the ASDC SED builder 2 to fit the synchrotron part of the SED with the second or third degree polynom and get its maximum. The logarithm of the synchrotron peak frequency was calculated in the rest frame. We did not classify two sources in our sample (PGC 59947 and BZB J1733+4519) because they do not have enough observational data points in their SED to extract the reliable log ν S peak value. The source list includes 149 LSPs, 62 ISPs, 77 HSPs and 2 blazars with unknown SED type. The list of sources and their characteristics are presented in Table 6 :
Col. 1 -Source name, Col. 2-3 -R.A. and Dec (J2000.0), Col. 4 -Number of observing epochs at RATAN, Col. 5 -Redshift z, Col. 6 -Logarithm of the synchrotron peak frequency ν S peak in Hz, Col. 7 -SED class from 3LAC, an asterisk was used to denote blazars, for which the values of log ν S peak were calculated using ASDC SED builder, Col. 8 -AGN class from BZCAT (Edition 5.0) Massaro et al. (2015) .
The redshifts for objects were mostly obtained from the Roma-BZCAT, and for some sources from Simbad 3 . Redshifts are known for 238 sources, which is a relatively large number, considering the difficulty of obtaining this information for BL Lacs. The redshift distribution is presented in Fig. 1 . The redshift values range from z=0.018 to 2.277, with the mean equal to 0.45 and median to 0.36. Redshifts have not been measured for 52 objects; 13 of them are HSP objects, 8 are ISPs and 31 are LSPs.
Observations
The observations were carried out with the RATAN-600 radio telescope during 2005-2014. Systematic monitoring was carried out during the period 2006-2008 for roughly one third of the sources. Observations were done in the transit (meridian) mode with the north and south sectors of the antenna (Korolkov & Pariiskii 1979; Parijskij 1993 ). An angular resolution in this mode of observations depends on a declination a source being observed. The FWHM in right ascension (RA) is given in Table 1 ; an angular resolution in declination is three to five times worse than in RA. Sources were observed from 3 to 15 times in each epoch to increase the reliability of results and because of the weather or the receiver conditions.
Observation were carried out at six frequencies: 4.8, 7.7, 11.2, and 21.7 GHz (cryogenically cooled radiometers), and 1.1 and 2.3 GHz (uncooled radiometers). The 4.8 GHz cooled radiometer is a noise added radiometer (NAR), while other radiometers are designed according to the beamswitching scheme. All the radiometers were designed as the "direct amplification Dicke type" receivers. We use the data acquisition and controling system for all continuum radiometers, as described by Tsybulev (2011) .
The experimental data were processed with using the modules of the FADPS (Flexible Astronomical Data Processing System) standard reduction package by Verkhodanov (1997) ; this is a reduction system for data from the broadband continuum radiometers of the RATAN-600 secondary mirror. The processing methods are described in Mingaliev et al. (2007 Mingaliev et al. ( , 2012 . The following eight flux density calibrators were used to calculate the calibration coefficients in the scale by Baars et al. (1977) : 3C48, 3C138, 3C147, 3C161, 3C286, 3C295, 3C309.1, and NGC 7027. In addition, we used the traditional RATAN-600 flux density calibrators at low elevations: J0240−23, J1154−35, J0521+16, and the source J0410+76 at high elevations. Measurements of calibrators were corrected for angular size and linear polarization (where necessary), following the data from Ott et al. (1994) and Tabara & Inoue (1980) .
The detection limit for RATAN-600 single sector is approximately 8 mJy under good conditions at 4.8 GHz and at an average antenna elevation (δ∼40 • ). At other frequencies the detection limit is presented in the Table 1 . This value depends on the atmospheric extinction and the effective area on the antenna elevation H (from 10
• up to 90
• above the horizon) at the corresponding frequencies. Table 1 RATAN-600 continuum radiometers. Where f 0 -central frequency, ∆ f 0 -bandwidth, ∆F -flux density detection limit per beam, and BW -beam width -an angular resolution in RA (an angular resolution in declination is three to five times worse than in RA). The 37 GHz observations were made with the 13.7 m diameter Aalto University Metsähovi radio telescope, which is a radome enclosed Cassegrain type antenna situated in Finland (60 d 13' 04" N, 24 d 23' 35" E). The measurements were made with a 1 GHz-band dual beam receiver centered at 36.8 GHz. The HEMPT (high electron mobility pseudomorphic transistor) front end operates at room temperature. The observations are Dicke switched ON-ON observations, alternating the source and the sky in each feed horn. A typical integration time to obtain one flux density data point is between 1200 and 1600 s. The detection limit of our telescope at 37 GHz of the order of 0.2 Jy under optimal conditions. Data points with a signal-to-noise ratio < 4 are handled as non-detections. The flux density scale is set by observations of the HII region DR 21. Sources NGC 7027, 3C 274 and 3C 84 are used as secondary calibrators. A detailed description of the data reduction and analysis is given in Teraesranta et al. (1998) . The error estimate in the flux density includes the contribution from the measurement rms and the uncertainty of the absolute calibration.
Results

Flux densities
The flux densities and the instantaneous spectra at several epochs of the sample sources (except the 37 GHz) are published in the BL Lac database 4 maintained by the Special Astrophysical Observatory. The database is constantly updated with more data which is freely available and is described by Mingaliev et al. (2014) .
Almost all sources have complete data at frequencies 4.8 and 7.7 GHz. When available, we also added near-simultaneous 37 GHz data from the Aalto University Metsähovi Radio Observatory database. The data were considered near-simultaneous if they were taken within two weeks of the RATAN observation. The occasional absence of data at certain frequencies is a result of data exclusion because of the partial resolution of a source at some frequencies, a source too weak to be measured reliably, a strong influence of man-made interferences at 1.1 and 2.3 GHz, or due to strong interference from geostationary satellites at 11.2 GHz (between −10
• and 0
• degrees of declination). The values of the standard error of fluxes for the most sources are: 5-20 % for 11.2, 7.7, and 4.8 GHz, 10-35 % for 2.3, 1.0, and 21.7 GHz.
The distributions of the average flux densities by source class at all RATAN frequencies are shown in Fig. 2 . We used a bin size of 0.5 with the middle value of the bin shown in the graph. The average flux densities have been calculated for S /N > 4 detections only. The sample sources are typically extremely faint, especially HSPs. Only one HSP (Mrk 501) in the sample has an average flux density reaching 1 Jy at most frequencies. This fact underlines the exceptional nature of this sample. Sources this faint are rarely targeted in observational campaigns, and never before have had their radio spectra determined this extensively.
The brightest source in the sample by far is 3C 84 (S aver =23.18 Jy at 7.7 GHz, clearly more than the second brightest source BL Lac with 6.66 Jy). At 1.1 GHz 1828+487 is the brightest, but likely only because 3C 84 does not have data at that frequency (1.1 GHz observations were interrupted in 2012). The flux density of 1828+487 quickly decreases for frequencies higher than 1.1 GHz due to its steep spectrum. The medians of the average fluxes by frequency and class are listed in Table 2 nificantly brighter than HSPs and ISPs at all frequencies (P < 0.001).
We included the medians of the flux density values at 37 GHz in Table 2 . These data come from the brightest sources at this frequency, for example, only for 4 HSP objects and 10 ISP. This can obviously bias the interpretation, so the flux at 37 GHz looks high in general.
Spectral indices
We calculated spectral indices for the frequency intervals 1.1-7.7 and 7.7-21.7 GHz to investigate the spectral behavior of blazars at low and high frequencies. We used spectral indices measured in the 1.1-7.7 GHz and in 7.7-21.7 GHz frequency intervals as the base range. We also take the indices in the 2.3-7.7 GHz and in 7.7-11.2 GHz range as low and high frequency spectral indices for some sources that did not have measurements in the base range to increase the significanse of the statistics. The spectral index α (S ∝ ν α ) was calculated by:
where S 1 is the flux density at the frequency ν 1 , and S 2 the flux density at the frequency ν 2 . Indices were calculated for S /N > 4 detections only.
We present results for average and instantaneous low and high frequency spectral indices.
The average spectral indices are listed in Table 3 . Fig. 3 shows the distribution of the average spectral index across the sample. We have found that the spectrum of all three types of blazars we considered flattens at the higher frequencies. The spectral indices are closer to zero and have less scatter in 7.7-21.7 GHz and 11.2-37 GHz intervals in comparison to index measured in 1.1-7.7 GHz frequency range. Some care is required in interpreting this result, because of the data at 37 GHz and relatively high variability indices at 21.7 and 37 GHz (see Table 5 in the next subsection). Now we will describe results on instantaneous low and high frequency spectral indices for blazars in our sample. Fig. 4 The "radio colour" plot for instantaneous low and high frequency spectral indices. Black reverse triangles denote LSPs, blue circles -ISPs and red squares for HSPs. The size of the marks is related to the flux density at 7.7 GHz.
The instantaneous spectral index term refers to a spectral index obtained at one epoch, thus the number of the instantaneous spectral indices is equal to the number of epochs of observations for each source. We plotted the instantaneous low and high frequency spectral indices in a two-colour diagram (or "radio colour") in Fig. 4 . This kind of representation has been previously used by, e.g., Sadler et al. (2006) and Tucci et al. (2008) . It is a convenient way to describe the shape of the radio spectrum. The dashed lines divide the diagram into four quadrants signifying a steep, upturning, inverted or peaking spectra as marked in the figure. The dashed inclined line is an one-to-one correspondence line, which is an indicator of the spectral behavior. The position of points relative to this line reflects the character of the spectral slope change (steeper or flatter). The box in the center of the plot denotes an area for the flat spectra (with |α radio | < 0.5), it is usually referred as the "blazar box". Most of the spectra corresponding to LSPs (82 %) and ISPs (63 %) are flat, while only 41 % of HSPs have a flat spectrum. For 44 % of HSPs and 34 % of the ISPs the low frequency spectrum is, in fact, steep. Table 4 lists the number of objects in each segment of the plot: inside the blazar box (flat spectrum), and in each quadrant outside the blazar box.
For 35 out of 63 HSPs the spectrum turns flatter at 7.7 GHz, i.e., they are situated above the one-to-one correspondence line in Fig. 4 . Nine HSP sources even have a clear upturn. The behaviour of ISPs and LSPs is different: for more than a half of LSPs (183/250) and ISPs (48/70) the spectrum turns steeper at 7.7 GHz. HSPs show more often spectral flattening beyond 7.7 GHz (or even inverted), while the LSP spectra get steeper at that point. LSPs and HSPs clearly occupy different regions of the two-colour plot, with LSPs confined to the right edge and reaching high values of spectral indices (α radio > −0.5), while HSPs generally fall into "steep" and "upturn" quadrant.
Kruskal-Wallis pairwise comparisons confirm that the distributions of the distances from the one-to-one line are not significantly different either for HSPs and ISPs or ISPs and LSPs, but instead are significantly different for HSPs and LSPs (P = 0.05).
The Pearson product-moment correlation coefficient between the instantaneous low and high frequency spectral indices is relatively high and significant only for ISPs (r = 0.60). The Spearman rank correlation coefficient values are: 0.28 for HSPs, 0.63 for ISPs and 0.37 for LSPs; and significant (at the 0.05 level) only for ISPs and LSPs. The correlation means that the typical radio spectrum of ISPs and LSPs can be better approximated with a single power-law, while such a model does not describe HSPs spectra accurately. Fig. 3 and Fig. 4 it is clear that the three SED classes have different distributions of the low and high frequency spectral indices, that fact is confirmed by the Table 4 Blazars distribution in the "radio colour" plot in Fig. 4 by type of the radio spectrum: flat, inverted, peaking, steep or upturn. "Flat" radio spectrum refers to objects inside the blazar box, with |α radio | < 0.5. The number of measured instantaneous spectral indices for each blazar subclass is presented, the fraction of measurements belonging to the specific spectrum type of is given in brackets. Kruskall-Wallis test. The difference is also evident in the average spectral indices in Table 3 .
From both
Variability
In order to characterize the variability properties of the sources at the various frequencies we have computed the variability and modulation indices. The first one takes into account measurement uncertainties, while the modulation index is less sensitive to outliers. The variability index was calculated as (Aller et al. 1992 ):
where S max and S min are the maximum and minimum value of the flux density, respectively, at all epochs of observations; σ S max and σ S min are their errors. This prevents one from overestimating V S when there are observations with large uncertainties in the dataset. The negative value of V S corresponds to the case where the flux error is greater than the observed scatter in the data. The modulation index, defined as the standard deviation of the flux density divided by the mean flux density, was calculated as in Kraus et al. 2003 :
The medians of the variability and modulation indices for the SED classes by frequency are listed in Table 5 . Almost 50 % of HSP objects, 48 % of ISPs, and 56 % of LSPs show variability M ≥ 0.2. At high frequencies (7.7, 11.2 and 21.7 GHz) only a small number of each type of blazar show variability above 0.7-0.8. The most variable object at all frequencies except 1.1 GHz is AO 0235+164 (27 epochs at high frequencies). It has a bright peaking spectrum at two epochs due to a passing flare in addition to the generally flat spectrum. A large number of observations increases the probability of finding it in active states, such as the two peaking spectra contributing to the high variability index. However, at 1.1 GHz the source has little variability.
The most variable source at 1.1 GHz is 2E 0323+0214 with M 1.1 =0.54. The HSPs and ISPs have lower values of the modulation index at six frequencies than LSPs. On the whole, blazars of all three types are less variable at 4.8 GHz, according to the median values of both the modulation and the variability indices. The modulation indices are not drawn from the same Table 5 The medians of the variability V S and modulation indices M for three blazar subclasses. N is the number of epochs used to estimate the medians. 
Discussion
We find interesting differences between the blazar classes in the radio colour plot (Fig. 4) . Almost half of HSPs (28 out of 63) in the sample are found to be steep spectrum sources.
Only the minority of LSPs and ISPs (25/250 and 24/70, respectively) fall into "steep" quadrant, the most of them have a flat radio spectrum. The latter is not surprising, because a flat radio spectrum was a standard selection criterion of the early radio-selected BL Lac samples. Most of those sources are today classified as LSPs.
The results obtained in this study indicate that the steep and flattening spectra of HSPs is real. One possibility is that there is an extended component in HSP BL Lacs producing optically thin synchrotron radiation, while the flat radio spectrum of LSP BL Lacs can be explained by the compact nuclear core emission. Chhetri et al. (2012) investigated the dependence between the core/extended morphology and radio spectral indices using 20 GHz data from the Australia Telescope Compact Array for the AT20G sample. They conclude that α = −0.46 is an effective division point between the compact and extended sources. They also note that a considerable fraction of the extended sources (i.e., α < −0.46) show spectral flattening in the higher frequencies. These sources are presumed to be composed of a compact core with an extended component, such as a steepspectrum quiet jet, lobe or a hot spot. At high radio frequencies this steep spectrum component weakens while the compact, flat spectrum component strengthens, and we observe this as spectral flattening. This situation could happen if the jet is not aligned with the observers line of sight, but the viewing angle is still not very big (close to 30
• in case of BL Lacs (Ghisellini et al. (1993) ; Jackson & Wall (1999) ). That explains the flattening of HSPs in our sample.
The largest variability in synchrotron radiation is observed after the peak. Assuming that the flat radio spectrum is a result of superimposed individual synchrotron components, the variability should, on average, increase toward higher frequencies. That is observed in all three types of blazars in our sample at 4.8-21.7 GHz (for LSPs even until 37 GHz) (see Table 5 ). Secondly, according to our data, both variability and modulation indices for HSPs at all seven frequencies (except the modulation index at 2.3 GHz) are less than for LSPs. That result is also expected, because sources with flat spectrum are more variable than sources with steep spectrum, this result is also in good agreement with Bolton et al. (2006); Sadler et al. (2006) ; Tucci et al. (2008) .
Summary
We have presented the results of an observational campaign on BL Lac blazars carried out between 2005 and 2014 with the RATAN-600 radio telescope. The flux densities at frequencies 1. 1, 2.3, 4.8, 7.7, 11.2 and 21.7 GHz were measured at several epochs simultaneously. This data set gives us the opportunity to investigate the differences in the radio spectra of all BL Lac types, including the radio-faint HSPs that are rarely targeted by radio studies. We have made two main conclusions:
1. LSP and HSP BL Lac blazars are quite different objects on average. LSPs have higher flux densities (the median of the flux density value is S 7.7 =0.73 Jy), flatter spectra and their variability increases towards higher frequencies. HSPs are very faint in radio domain (the median is S 7.7 =0.06 Jy), tend to have steep low frequency spectra, and they are less variable than LSPs at all frequencies. 2. LSP blazars have flat radio spectra at both low and high frequency ranges that we considered, while the steep low frequency spectra of HSPs (and ISPs) turns flatter above 7.7 GHz. But despite the considerable decrease in the spectral index ("flattening") at higher frequencies in HSPs, we note that the spectrum of LSPs is still flatter than HSPs. 
